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Abstract 
While 2D/3D layered perovskites have been the object of comprehensive researches 
principally focused on increasing the long-term stability observed in 3D perovskites, 
significant opportunities are still open concerning the application of different kinds of 
cations which are outside the sphere of primary amines, which are the cations most 
usually applied. Our results demonstrate that the materials and the solar cells prepared 
with dipropylammonium iodide (DipI), a bulky secondary ammonium cation of small 
size, lead to obtaining not only efficient and thermodynamically stable materials but 
also robust towards heat stress. Time-resolved studies point out longer carrier´s lifetime 
for 2D/3D layered perovskites fabricated with this bulky cation than systems based on 
bulky primary ammonium cations, which allowed us to obtain PCE=12.51% (n=10), 
15.78% (n=50) and 17.90% (n=90). We determine that the concentration of perovskite 
material after 240 min at 100° C is until 575% greater in the 2D/3D perovskite (n=10) 
than the observed in 3D perovskite films. The material stability also improves the 
thermal stability of the photovoltaic devices presenting an efficiency drop of just 4% for 
n=50 and n=10 after thermal annealing while the performance drop for reference 3D 





The impressive performance that photovoltaic technology based on halide perovskite 
materials reached during the last years is just overshadowed by their long-term stability 
limitations, which could limit their massive commercial implantation.
1-4
 Throughout, 
two-dimensional halide perovskites (2D HPs) have emerged as a potential alternative to 
overcome these issues, although this class of materials has been focused mainly on 
increasing the moisture-resistant properties.
5,6
 2D or 2D/3D HPs are prepared by the 
total or partial substitution of the small cations forming 3D perovskites, typically 
methylammonium (MA), formamidinium (FA), or Cesium, by cations with bigger size. 
The introduction of larger cations rift the conventional 3D arrangement of corner-
sharing PbI6
4-
 octahedra, generating layered materials where, depending on the cation 





 and an interesting material denominated as Alternating 
Cations in the Interlayer space, ACI.
9
  
Structurally, 2D, with bulky organic cations, or 2D/3D HPs, with both bulky and 
small organic cations, are arrangements where the inorganic layers of the corner-sharing 
PbI6
4-
 octahedra are sandwiched between the organic bilayers.
10
 The number of these 
inorganic layers, including the small cation on the 2D/3D case, (knows as n) can be 
easily tuned by different stoichiometric proportions between the small and big cations, 
keeping in mind the desired chemical formulation according to the chosen phase.
9
 The 
possibility to include bulky cations with not only unlimited structural diversity but also 
with the required physicochemical properties has led to obtain materials with impressive 
performance not only in photovoltaic technology,
6,11-13






As a general rule, the bulky cations used to date come from ammonium salts derived 







 and aryl amines.
20-22
 The principal interest of the study of 
2D/3D perovskites for photovoltaic applications has been the increase of stability to 
moisture due to the hydrophobic nature of the employed bulky cation.
5
 However, 
tailoring the interaction between the organic and inorganic parts is also extremely 
appealing; consequently, the incorporation of bulky cations, with different 
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functionalization, has awakened the interest of the scientific community, with the aim to 
obtain materials where the specific functionalization of the bulky cations can provide 
novel and improved properties. Different researchers have tested conjugated 
chromophores,
19




 and even cations with two 
ammonium heads (these particular examples are represented by di-amine cations with 
secondary-primary and quaternary-primary ammonium salts),
25,26
 in order to obtain 
specific functionalization. However, these described samples are always ammonium 
salts derived from primary amines.  
Intuitively, the absence of secondary-, tertiary- and quaternary ammonium salts that 
perform the role of bulky cations in 2D HPs, could be related to a potential detrimental 
effect in the stability as a consequence of the decrease of the number of hydrogen 
bonds, which is one of the principal forces responsible for holding the perovskite 
structure together. However, the introduction of a secondary ammonium cation instead 
the primary analog introduces the possibility of a fine-tuning of the properties through 
molecular engineering, as it allows to include a double functionalization instead of the 
single one provided by primary ammonium cations, see Scheme 1. Beyond, the 
introduction of tertiary ammonium cations to obtain a perovskite structure, theoretically, 
it is possible and, with the introduction of an additional substituent, the chemistry of the 
cations could be huge enriched. However, on the basis of the next considerations, we 
hypothesize that that class of material would have poor stability. First, the number of 
hydrogen bonds will be lower, 2 and 1 lower than primary and secondary ammonium 
cations, respectively. Second, the potential observation of steric hindrance as a 
consequence of the three alkyl/aryl substituents located on nitrogen, it will weaken the 
effective interaction between the unique hydrogen and the halides, see Scheme 1. In 
order to explore both, the potentiality of secondary ammonium cations for the 
development of perovskite solar cells (PSCs) and a potential stability owing to a higher 
molecular weight (avoiding sublimation) and a greater number of Van der Waals 
interactions (to compensate for the least amount of hydrogen bonds comparing with 
primary ammonium salts analog), we have systematically analyzed the application of 
dipropylammonium iodide (DipI) as bulky cation in 2D/3D perovskite materials and its 





. We prepared 
materials with nominal n=3, 5, 10, 50 and 90. Through optical studies, we compare with 
4 
 
result reported in the literature and demonstrate that the application of smaller cations 
((CH3CH2CH2)2NH2
+
) leads to larger carrier´s lifetime than cations with the same 





fabricated PSCs with the highest n materials obtaining a significant performance and 
thermal stability, increasing as a function of n, demonstrating the suitability of 
secondary ammonium cation for the development of PSCs.  
 
 
Scheme 1. Comparison of primary, secondary and tertiary ammonium cations as a 
function of the number of potential hydrogen bonds. The presence of two substituents, 
R and R1, in the secondary ammonium derivative opens the possibility to include 
multifunctional cations within the structure in contrast to primary ammonium salt, 
where the functionalization is restricted to just one kind of substituent. Despite the 
introduction of a tertiary ammonium cation is theoretically possible, the lower number 
of hydrogen bonds between the unique hydrogen on the molecule with the halide of the 
perovskite, together the potential observation of steric hindrance, would limit its study.  
 
To determine the formation of Dip2MAn-1PbnI3n+1 layered perovskites, we prepare a 
set of films with nominal n=3, 5, 10, 50 and 90. The films were prepared through the 
dripping of the perovskite precursor solution over a SnO2-compact layer, using ethyl 
acetate as antisolvent. XRD characterization, see Figure 1a, demonstrate that the 
material with n=3 exhibits a complex design with diffraction peaks between 3.58 and 
10.66º, which are the evidence of the 2D nature of this material.
7
 Similar complex 
patterns have been previously reported when were used bulky cations, like the derived 
of 5-aminovaleric acid, in the assembling of 2D/3D perovskites.
11
 Furthermore, this 
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XRD presents a broad peak at 14.16º, which has been previously assigned to horizontal 
(111) preferential growth in 2D perovskites but also the (110) plane in 3D perovskites.
7
 
These results lead us point to the presence of 2D/3D domains with different n but also a 
3D perovskite phases within our material, as it is conventionally reported for 2D/3D 
perovskites with primary ammonium cation.
6
 For films with n=5 and 10, it is possible to 
see diffraction peaks below 10º, see Figure 1a, which implies a considerable amount of 
the 2D/3D component in the material. In contrast, for the perovskite with n=50 and 90, 
the XRD data displays just the peaks associated with the 3D perovskite, although the 
absence of diffraction peaks related to 2D/3D phase does not involve mandatorily that 
this material is not present in the film, but its concentration is below the limit of 
detection, as has been demonstrated in cations like guanidinium.
28
 On the other hand, 
the analysis of the full-width at the half-maximum (FWHM) for the dominant peak at 
14.16º, see Figure 1b, shows a progressive decrease, especially abrupt for high n, 
indicating an increase of the crystallite size as the 3D phase becomes dominant. 
 
Figure 1. Morphological studies by XRD. (a) XRD for Dip2MAn-1PbnI3n+1 with n=3, 5, 
10, 50 and 90. (b) FWHM for the peak at 14.16º. 
 
Dip2MAn-1PbnI3n+1 layered perovskites present similar optical properties in terms 
of absorbance spectra see Figure 2a, and the steady-state photoluminescence (PL), see 
Figure 2b. The complete set of studied samples exhibit similar spectral profiles. 
Notably, under the employed conditions, we could not observe the characteristic 
excitonic transitions observed in layered materials, where the stability of the excitons 
allow to observe them at room temperatures.
29
 The bandgap, calculated from the Tauc 
plot, determined for the samples with n=3 and 5 was 1.57 eV, which is slightly red-
shifted comparing with the calculated for materials with n=10 (1.60 eV). Besides, it was 
possible to observe the presence of an Urbach tail, which agrees with crystal disorder 
and the presence of multiple phases observed in the XRD results. The films prepared 
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with n=10 exhibit a slight weaker absorbance near the IR edge, while in the UV region 
this reduction becomes noteworthy. Comparable behavior was observed for the film 
with n=50, although the change is less pronounced. Finally, the film with n=90 does not 
show any significant difference with the 3D perovskite. These results confirm the 
expected correlation between n and the absorbance. As n decreases, lower absorbance 
(predominantly in the region of 400 to 550 nm). This result has special significance in 
the behavior of light-absorbers materials, considering the direct relationship of the 
absorbance with the short circuit current (Jsc) and therefore the PCE. On the other hand, 
we can determine that the PL emission is essentially at the same wavelength for all the 
evaluated materials, see Figure 2b, indicating the emission from the 3D domains,
29,30
 
regardless of the higher concentration of dipropylammonium iodide in the materials 
with the higher 2D/3D character (samples with n=3 and 5) pointing to a funneling effect 
from low n domains with wider band gap to the 3D domains with the narrowest 
bandgap. 
 
Figure 2. Optical characterization. (a) Absorbance and (b) PL measurements of 
Dip2MAn-1PbnI3n+1 with n=3, 5, 10, 50, 90 and 3D. (c) Time Correlated Single Photon 
Counting measurements for Dip2MAn-1PbnI3n+1 with n=3, 5, 10, 50, 90 and 3D. The 
traces and fitting results are available in the Figure S3. 
 
The remarkable absence of the excitonic peaks in UV-Vis and PL spectroscopy, 
like those perceived in layered perovskites,
5,7
 has been earlier reported for materials 
where the perovskites were fabricated using different proportions of cations as 
methylammonium (MA) and guanidinium (GA).
28,31
 It is important to note that 
guanidinium displays a slightly larger size than those required to obtain a perfect fit in 
the hollows and provide an ideal perovskite structure. Vega et al
28
 reported the optical 
study of materials with different ratios of MA/GA. They found that at temperatures 
below 70 K, it was possible to observe only the characteristic emission associated with 
3D perovskites (near 800 nm), even for the formulation with MA:GA ratios of 50:50; 
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while the expected excitonic emission observed at 500-600 nm, it was possible to detect 
it only at temperatures as low as 20 K. This observation strongly suggests that the 
electron-hole pair is not linked, and charges are predominantly in form of free carriers.
29
 
This finding is also supported by the observation of De Marco et al,
31
 where they 
reported similar emission wavelengths at room temperature, independently of the 
concentration of guanidinium in the corresponding materials.  
In spite of the similar XRD, absorbance spectra and the steady-state PL, time-
resolved photoluminescence TRPL present significant charge carrier dynamics 
differences depending of the nominal n, see Figure 2c. TRPL characterization was 
performed on Dip2MAn-1PbnI3n+1 films deposited on FTO-coated glass, following the 
method described in the experimental section. The curves were accurately fitted 
following a bi-exponential method and the corresponding parameters can be found in 
Table 1. There is clear trend that both TRPL time constants first increase and then decrease 
with increasing n value, see Table 1. This trend points to a clear transition from 2D/3D to 
3D character. The samples with n equal or lower than 50, with a dominant 2D/3D 
character, show a progressive increase in the fast decay, 1, usually associated to 
radiative recombination of excitons,
32
 from 18.53 ns to 96.50 ns, see Table 1. The slow 
decay, 2, related to trap states,
32
 present a similar trend and consequently, it is observed 
a monotonic increase in the average lifetime, avg. The observed behavior matches 
accurately with the foreseen results. As "n" rises, i.e. the structure becomes mostly 3D, 
the effects related to quantum and dielectric confinement effects must be lower than 
those predicted to materials near to 2D limit. That fact is reflected specifically as an 
increase in the carrier lifetime through the limitation of the excitons´ recombination.
33
 
For example, Mao et al 
32
 reported faster decay times, in the order of picoseconds (340 
ps and 130 ps), for purely 2D materials (n=1); the materials that they used as bulky 
cation were histammonium and benzyl ammonium. In addition, Jung found that for 
2D/3D perovskites with hexylamine as bulky cation, molecule with the same number of 
CHn unities that our cation but derived of a primary amine, the carrier’s lifetime is in the 
order of hundreds of picoseconds for 2D/3D perovskites with n=1-4,
27
 in agreement 
with the observation of Mao.
32
 In contrast, when guanidinium was used, which is a 
molecule that can form interesting 2D/3D materials,
34
 the carrier´s lifetime is in the 
order of hundreds of nanoseconds with a decrease in the carriers’ lifetime as the 
concentration of guanidinium increases,
31
 in strong agreement with the results reported 
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here. In contrast, for n=90 and 3D is observed a progressive decrease of the lifetime; in 
this case the fast recombination decay has been related to bimolecular recombination 
while the slow decay with the recombination of free carriers in the radiative channel.
35
  
Table 1. Optical parameters for Dip2MAn-1PbnI3n+1, n=3, 5, 10, 50 and 90, 3D. 






 Eg [eV] λem [nm] τ1 [ns] A1 [%] τ2 [ns] A2 [%] τavg [ns] 
n=3 1.57 780 18.53 30.30 84.15 69.70 40.6 
n=5 1.57 774 31.92 21.73 157.66 78.27 84.95 
n=10 1.60 774 59.81 28.44 345.19 71.56 146.46 
n=50 1.60 773 96.50 9.40 327.57 90.60 267.39 
n=90 1.60 773 18.77 1.18 241.92 98.82 212.15 
3D 1.60 773 24.22 6.29 226.61 93.71 148.55 
 
In contrast with the remarks pointing that the exciton binding energies in 2D/3D 
HPs are not affected by the size of the bulky cations,
36
 our findings, when we compare 
with studies reported by other groups using larger cations,
28,37
 suggest that the cation’s 
size present an inverse relationship with the carriers lifetimes. Therefore, the use of 
bulky cations with an intermediate-small size could lead to obtaining materials that 
could exhibit longer carriers’ lifetime, which has been associated with a large density of 
free carriers when the sample is under illumination.
38
  
Long carrier lifetime predicts a promising behavior of this material in 
photovoltaic devices. Consequently, after fundamental characterization, we focused on 
the fabrication of planar solar cells using SnO2 and Spiro O-MeTAD as electron and 
hole selective contacts, respectively, and gold on top of Spiro O-MeTAD as metallic 
extracting contact. The fabrication of the films was following the method previously 
reported.
39
 Briefly, the substrates coated with a SnO2 compact layer were exposed 
during 20 min of O3. After that, the perovskite precursor solution was drop coasted and 
posteriorly the film was annealed at 130 °C during 10 min. 
One of the main interests of the 2D/3D HP for photovoltaics is the higher 
tolerance to the moisture than their 3D counterparts. The origin of improved moisture 
stability is in the hydrophobic character of the hydrocarbon chains. Moreover, the nature 
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of the bulky cation introduces important effects in the optoelectronic and electrical 
properties of the resultant material as, for example, lower absorbance of the solar 
spectrum,
5,7
 higher exciton binding energies,
36,40-42
 higher carrier transport resistance,
24
 
and consequently lower PCE.
5,7
 One of the most successful assays to bind off the 
negative effects related to layered materials is the fabrication of 2D/3D with a n value 
near the 3D limit. This approach tries to keep the best properties of both materials: the 
higher stabilities towards environmental conditions provided by 2D HP and the superior 
photovoltaic performance observed in 3D HP.
6,11
 Therefore, we focused on the 
assembly of 2D/3D HP (n=10, 50 and 90) based solar cells in the planar configuration. 
Figure 3 shows the current density-voltage (J-V) curves for champion devices, for each 
of the tested materials, where it is noticeable the increase of the PCE as n rises. Short 
circuit currents are in similar values for n=50 and 90, which validate the optical and 
morphological results. Together 3D perovskite, the material with n=90 exhibit very high 
fill factor (FF), which demonstrate the high efficiency in the charge collection of this 
material, see Table 2. However, the materials with n=50 and 10 exhibit a systematic 
reduction in the fill factor, FF, as well as open-circuit voltage, Voc. We consider the 
reduction of FF is due to the higher concentration of bulky cation, considering that this 
behaves as an insulator, decreasing the carrier diffusion efficiency.
43
 Finally, the lowest 
PCE obtained for the material with n=10 is strongly affected by the decrease of Jsc, 
influenced also by the relatively lower absorbance than the materials with n>10, see 




Figure 3. J-V curves for champion devices Dip2MAn-1PbnI3n+1 with n=10, 50 and 90 and 
3D and its PCE (in table). 
Table 2. Photovoltaic parameters for the champion devices obtained from the JV 
reverse scan. The mean values are in parenthesis. Figure S4 shows stabilized efficiency 
measurements and the hysteresis observed when PCE was measured in both directions. 
Sample Jsc [mAcm
-2


































From the literature, it is clear to distinguish that the complete set of the salts 
employed as bulky cations in the manufacture of 2D, 2D/3D or even 3D perovskites are 
ammonium salts derived from primary amines.
25
 Undoubtedly, this election should be 
related to the fact that the hydrogen bond is one of the most remarkable forces in the 
perovskite framework and, of course, one of the responsible for the stability of the 
crystal lattice.
44-47
 The bigger the number of hydrogen bonds, the greater the reticular 
stability.
48
 Intuitively, it is possible to think that the robustness of the materials could be 
negatively influenced by the introduction of an ammonium salt derived from a 
secondary amine as a consequence of the decrease of the number of hydrogen bonds, 
three in conventional ammonium salts versus two in this class of cations, see Scheme 1. 
Indeed, it could be reasonable to expect the total degradation of the material as an 
outcome of the decrease in the number of hydrogen bonds. On this concern, we focus on 
the determination of the stability through a thermal stability study of the films with 
n=10, 50 and 90, using 3D perovskite film, as reference. Bearing in mind the proposed 
mechanisms of degradation of hybrid organic-inorganic lead iodide perovskites,
49,50
 and 
considering that the sub-products are ammonia/amines together with PbI2,
51
 we 
determine to use infrared (IR) spectroscopy to follow the perovskite degradation 
through the diffusion of ammonia/amines to atmosphere. Considering the vanishing of 
any absorption peak as an indicator of material degradation and the simplicity and 
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velocity with which an IR spectrum can be acquired, we carried out a thermal stability 
study monitoring the fading of the strong peaks above 3000 cm
-1
, shaded in Figure 4a, 
in the IR spectra. The films were annealed in air with an ambient humidity between 50-
60% at T=100 °C for three periods of 80 minutes each of them, acquiring the 
corresponding IR spectra at the end of each period. The IR spectrum for 3D perovskite 
exhibits the characteristics N-H stretching absorption peaks for primary amines at 3176 
cm
-1
 and 3131 cm
-1
, and in-plane NH2 scissoring absorptions at 1467 cm
-1
. Despite the 
slight difference in chemical composition between the examined materials, the IR 
spectra essentially exhibit identical features at the initial time (t=0) for all the analyzed 
samples, see Figure 4a. Although the coloration of the films remains apparently 
unaffected, at least after 80 min of heating time, it was possible to detect that the peak 
above 3000 cm
-1
 decreases monotonically as the heating time progresses, see Figure 4d. 
Finally, after a heating time of 240 min, the relative concentration of perovskite for the 
reference 3D sample is just 8% of the initial concentration of perovskite material. 
 
Figure 4. Thermal stability evaluated by IR spectroscopy T=100° C; t=80 min (3 times) 
in air with an ambient humidity ranging from 50 to 60%. (a) IR spectra for the evaluated 
samples. The highlighted fragment points out the resonances owing to N-H stretching, 
which we study to follow the loss of ammonium salts. (b) and (c) Evolution of N-H 
peak on ammonium salts as function of heating time; t is in minutes. (d) Qualitative 
determination of the concentration of ammonium salts (and therefore perovskite 




Considering that 2D/3D HPs with n=90 is a material whose properties are very 
near to the 3D limit, the behavior should be very similar to 3D HPs. Interestingly, it was 
possible to detect a higher thermal resistant property than 3D HPs through the entire 
range of studied time, see Figure 4b, d, and S5. After 240 min of heating exposition, 
n=90 sample presented near 22% of relative concentration of 2D/3D HPs, almost 275% 
comparing with 3D HP, which demonstrate the dramatic effect induced by the presence 
of dipropylammonium iodide. Importantly, this stabilization effect is not observed with 
the introduction of formamidinium (FA).
52
 This comparison is especially important 
considering the lower tendency of FA to release hydrogen ions than MA, avoiding the 
formation of HI and therefore the degradation of the material. A related tendency was 
detected for n=50 in the medium range (from 0-160 min). However, that sample shows 
a concentration four times greater than 3D HP after t=240 min, see Figure S6. In 
agreement with these results, for the material with n=10, the higher concentration of 
dipropylammonium iodide leads to obtain a remarkable effect. While the other materials 
lose almost 30% and more of 40% of ammonium salts at t=80 min and 160 min, 
respectively, n=10 almost keeps 80% of its original concentration, see Figure 4b, c and 
d. After 240 min, n=10 retains near 50% of the bare concentration, which means an 
increment of 575% comparing with 3D HP, see Figure 4c, d and Table 3. More 
stressing conditions were also evaluated, exposing the films to 120° C for two periods 
of 80 min, see Figure S7. In this case, after 80 min of annealing, the materials with 
dipropylammonium cation (n=10, 50 and 90) exhibit near 80% of the primary material. 
In contrast, 3D HPs based films show only 50%. When the annealing was extended by 
an additional period of 80 min, it was possible to detect that 3D HPs degraded totally 
(0% detection of amine), while for 2D/3D HPs films with n=50 and 90, it could detect 
until a 20% of the perovskite material. Finally, for the material with n=10, the IR 
spectra display a slightly upper to 30% of the perovskite phase, see Figure S7.  
 
 
Table 3. Relative concentration of methylammonium cation extracted from the 
integration of the bands above 3000 cm
-1













0 100 100 100 100 
80 68 74 71 82 
160 43 58 55 77 
240 8 22 32 46 
 
With the results outlined so far, we demonstrate that the use of 
dipropylammonium, a smaller cation than those used conventionally, as 
butylammonium, hexylammonium, etc. could lead to obtain materials that, additionally 
to preserve properties as hydrophobicity, present also long-carrier's lifetimes. Justly, this 
last observation strongly supports its successful application as light-harvester in solar 
cells.  
In order to evaluate further, not just the stability of the material but the stability of 
the device, PSCs based on the different materials were also subjected to post-thermal 
treatment to evaluate the relationship between the thermal stability and device 
performance. PSCs performance was evaluated for fresh samples and after an annealing 
of the whole device at 60 °C for 30 minutes in air with 45% humidity with no 
encapsulation. PSC efficiency was measured by the determination of the PSC stabilized 
efficiency after 1000 s at continuous 1 sun illumination at maximum power point, see 
Figure S8 and Table 4. It is remarkable that the efficiencies of the perovskite with n=10 
but also with a high n value as n=50 are maintained, with an efficiency drop lower than 
4%, after the stressing annealing. The stabilized device efficiency, see Table 4, shows 
how the presence of the dipropylammonium increases the thermal stability, in 
accordance with the results shown on the bare material. In fact, even when amount of 
dipropylammonium is relatively small for n=90, the efficiency drop after thermal 
annealing decreases from 83% for 3D reference samples to 41% for n=90. Nevertheless, 
the increase of device stabilization by the dipropylammonium is dramatic in the case of 
n =50 and n=10, with an efficiency drop of just 3.6% and 3.4% respectively, see Table 
4. Although the stability tests on the devices involve a lot of variables and mechanisms, 
beyond the study reported here, these results highlight that the material based on the 
mixture of dipropylammonium and methylammoniun cations released the thermal 
stress, and above all confirms the application utility of a secondary ammine in the 
thermal stabilization of not just de material but the device.   
14 
 
Moreover, PCE obtained from the J-V curve reverse and forward scans of the 
devices based on Dip2MAn-1PbnI3n+1 with n=10, 50 and 90 and 3D are also shown in 
Figure S8 and Table S1, with the corresponding PCE measured from stabilized 
maximum power point tracking after 1000s. Note that the reverse scan overestimates the 
PCE less than 8% for non-severely degraded devices, and just for degraded 3D device 
after thermal analysis there is a significant discrepancy between the PCE calculated 
reverse J-V scan and from stabilized measurement, see Table S1.  
Table 4. Photoconversion efficiencies tracked for 1000 seconds at the maximum power 
point, and the efficiencies drop of the devices based on Dip2MAn-1PbnI3n+1 with n=10, 
50 and 90 and 3D, before and after the thermal treatment at 60 °C for 30 minutes in air, 
45% humidity, devices were not encapsulated. 
 
3D HP n=90 n=50 n=10 
PCE MPP (%) 15.08 14.50 13.86 12.53 
PCE MPP (%); T = 60 °C  2.61 8.59 13.36 12.10 
Efficiency drop (%) 82.7 40.7 3.6 3.4 
 
To explain the observed behavior, our hypothesis was centered on the higher 
number of carbon chains in the dipropylammonium cation than methylammonium salt. 
The results obtained by thermogravimetric analysis (TGA) demonstrate that, comparing 
salts, dipropylammonium iodide sublimates slightly before methylammonium iodide, 
see Figure S9. Nevertheless, when a similar analysis was carried out for the material 
with n=90, we could determine a slightly higher sublimation’s temperature for 2D/3D 
HPs with n=90 than the observed in 3D perovskites, see Figure S10. This fact points out 
that the advantageous influence of dipropylammonium is just detectable in the solid 
state, after the packing of 2D/3D perovskite was carried out. To examine the influence 
that the small size as well as the closeness and therefore the potential interactions of the 
chains among each other when it was used dipropylammonium iodide as bulky cation, 
we carried out theoretical simulations based on density functional theory. Considering 
that our goal is the determination of interactions between the bulky cations with 
themselves and with the inorganic slides, we decided to study just the 2D HPs with n=1. 
Furthermore, the computational requirements are considerably lower than the necessary 
for superior 2D/3D HPs. We observed shorter distances between the organic chains on 
both, itself and with neighboring molecules, than those observed in 2D HPs fabricated 
with solely primary ammonium salts, as butylammonium,
53
 see Figure 5, Figure S11 
and Table S2. Figure S11 compare the crystalline structure for dipropylammonium 
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cation and butylammonium cation for n=1, different views are provided for comparison 
and for highlight the layered 2D structure of both cations. 
 
 
Figure 5. Atomic representation of a 2D HPs with n=1 using dipropylammonium 
cation. Panel (a), calculated unit cell. In panel (b), bulk structure with tilted PbI6 
octahedra. We indicate the relevant distances as reported in Table S1. 
 
Importantly, we could further determine that the interlayer distance between 
neighboring inorganic slides in the dipropylammnonium based material is 12.83 Å, 
slightly shorter than 13.11 Å, which is the interplanar distance determined 
experimentally for the 2D HPs with butylammonium as bulky cation. The determined 
lattice parameters for dipropylammonium iodide are a=9.37 Å, b=10.20 Å, and c=25.64 
Å. In contrast, the unit cell for butylammonium, experimentally determined, shows 
values of a=8.43 Å, b=8.99 Å, and c=26.23 Å.
53
 From these data, we can deduce that 
the distribution of chains in two arms instead of just one, could elongate the x and y 
axes, see Figure 5a for the axis reference. However, the z axe, which eventually 
determines the electronic coupling or disruption and therefore the electronic transport, is 
abridged. Consequently, we hypothesize that the observed optical properties (absence of 
excitons at room temperature), as well as the high performance observed in our 
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material, can be related  a reduction in the quantum and dielectric confinement effects. 
Concerning the stability, these results suggest that the unexpected high stability attained 
in 2D/3D HPs prepared with dipropylammonium could be related to the larger number 
of interactions (mainly van der Waals) reducing the predicted negative impact owing to 
the lower number of hydrogen bonds. However, further crystallographic studies are 
desirable to determine the crystal packing pattern that seems to be responsible for the 
improvement of the stability. 
In summary, we report the preparation, study, and application of a new 
Dip2MAn-1PbnI3n+1 2D/3D perovskite family in the fabrication of thermally stable and 
highly efficient solar cells based on secondary amine bulky cations. Through optical 
results, we demonstrate that the size of the cation modifies the charge carrier’s 
dynamics and it was possible to establish that the application of bulky cations with a 
small size will lead to obtain materials with improved capacities as long carrier lifetimes 
and therefore higher PCE. More importantly, we demonstrate that the inclusion of an 
ammonium salt derived from a secondary amine could be not only adequate but also 
desirable to obtain materials and devices with significantly higher thermal stability than 
3D perovskites. The demonstration of the suitability of secondary ammonium salt for 
the preparation of high-performance perovskites significantly widens the range of 
2D/3D perovskite materials for optoelectronic applications. Besides, the feasibility of 
include two organic groups instead of only one on the ammonium head, with similar or 
different properties, will rich the scope of opportunities to the optimization of the 
materials and optoelectronic devices by a highly specific fine-tuning and 
functionalization. 
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